The paper presents experimental studies of a drive system with a lead screw. 
Introduction
Lead screws are mechanisms used for the conversion of rotary motion to linear motion or in the other way round. A screw shaft, a nut and rolling elements, which can be balls (ball screws) or rollers (roller screws) are the main elements of the mechanism. The use of rolling elements allows replacing the sliding friction between bearing surfaces of the screw and the nut with the rolling friction. Consequently, the efficiency, which depends also on the helix angle and load level, can reach more than 90% [12] . High rigidity, durability similar to the durability of rolling bearings and high load carrying capacity can be indicated as the other advantages of the mechanism. Therefore, lead screws are used in drives of numerically controlled machine tools, space equipment, industrial robots and manipulators. Lead screws are also used in the mechanisms of working machines, measuring devices as well as plane drives.
In the recent years, authors of several publications, who referred to ball screws, considered both theoretical and experimental problems. The paper [3] provides an approach to monitor the health status of the ball screw. The authors examined the relationship between the ball screw preload variation and the detected vibration signals using spectrum analysis of the processed signals. In the paper [4] the microscopic behaviour of a preloaded ball screw was investigated based on experimental results and simulation. The authors demonstrated experimentally that the nonlinear microscopic behaviour of a positioning mechanism driven by a ball screw is also affected by the ball bearings supporting the screw shaft. The paper [10] presents analysis of forced vibration of the drive system with lead screw. The authors paid attention to the influence of damping the coupling and bearings on vibration amplitude values. A theoretical analysis of ball screw kinematics taking into account the lubrication is presented in the study [18] .
Also dynamic effects were concerned by the several authors of theoretical studies. In the paper [15] a relation between impact force and design parameters of transient phase in function of rotational speed was developed. The author examined a phenomenon of a drive system resonance frequency. A methodology for stress state limit recovering in return system is developed in paper [1] . The author of the article [5] analysed the occurrence of the periodic force variations and explained this phenomenon. The authors of the publication [16] presented a high-frequency dynamic model of a ball screw drive. Using delivered model, the axial and angular components of mode function were studied to determine the degree of coupling between them.
The authors of recent publications related to roller screws have focused mainly on the theoretical problems concerning principles of operation, kinematics and efficiency, load distribution and contact analysis or dynamics. In the paper [6] the authors investigated capabilities and limitations of rollerscrew and explained the slip phenomenon. The presented results were confirmed by experiments. The article [17] studied the efficiency and kinematics of planetary roller screw mechanism. In the paper [7] the contact between surfaces transferring load is investigated. In the next article [9] , the same authors used direct stiffness method to build a stiffness model of the roller screw mechanism. The model allows to predict overall stiffness of the mechanism and also calculate the load distribution. In the paper [8] , the dynamic equations of motion for the planetary roller screw are developed. The equations of motion are derived using Lagrange's Method with the assumption of viscous friction. In the paper [13] the authors proposed computational model of the load distribution for an arbitrary number of rollers, which can be used for the preliminary design. The paper [11] presents a model for determining the load distribution taking into consideration the contact deformation of threads as well as deformations of the screw and the nut cores.
The few authors of the earlier papers focused on testing problems. The paper [14] considered dynamic load test under large loads, which demonstrated that roller screw mechanism could be damaged by dynamic loading with load magnitudes that are well for the static load range. The article [2] presents the results of the lifetime tests of planetary roller screw under oscillatory motion. The authors investigated the effect of the type of lubrication from solid to liquid under a large number of oscillating loads cycles.
The design and construction of the test stand
The test stand for lead screws is designed to test all types of the lead screws (ball screws and roller screws). The concept of the stand is shown in Fig. 1 . A structure consists of two frames: a supporting frame (1) and a bearing frame (2) . The tested screw (10) is mounted to the bearing frame using bearings. For the drive, side this is a flanged thrust bearing (7) whereas the other end of the screw shaft is supported by a self-aligning bearing with an adapter sleeve (11) . The load, up to 20 kN, is performed by a hydraulic system which consists of two hydraulic actuators (13) mounted on spherical joins and a hydraulic power supply (3). The load is transferred to the nut of the leading screw through a carriage (9), moving on linear guides (12) . The nut is connected to the carriage by nut's bracket (8) intended for strain gauge measurements. A shaft of the screw is driven by a gear motor (4) controlled by an inverter. A rotating torque sensor (5) is placed between the motor gear and the screw shaft. Furthermore, a capacity displacement sensor (6) is mounted to the supporting frame to measure the displacement of the thrust bearing supporting plate. The axial force in the screw can be determined as a function of plate's displacement. This requires scaling of the measuring system when the rotation of the screw is fixed.
Actuators and measuring devices
The constructed test stand for lead screws including actuators and measuring devices is shown in Fig. 2 . The measurements of torque and rotational speed of the screw shaft as well as displacement of supporting plate of the thrust bearing are performed by rotational torque sensor (MT100) and capacity displacement sensor (CP1-3). In addition, a wire encoder was added to the measuring system in order to determine the position of the carriage. Measurements of these values can be recorded by the digital meter, working with computer software. Deformations of the nut's bracket were measured using a strain gauge bridge with six rosette sensors. Parameters of the applied sensors are summarized in Tab. 1, whereas parameters of drive devices in Tab. 2. Fig. 1. A 
Determination of the torque and the axial force on the nut of the lead screw based on strain gauges measurements
The axial force and torque on the nut of the lead screw can be determined on the basis of normal (εx) and shear (γxy) strains, obtained from the strain gauge measurements (Fig. 3) . Strain gauge rosettes are placed on both sides of each of three specimens of the nut bracket (Fig. 4) . The normal strain (εx) is obtained directly from the measurements. In contrast, shear strain on surfaces of specimens (γxy) is determined on the basis of strain gauge measurements in the other directions of the strain gauges rosettes, which are 120° and 240° (Fig. 5) . A relationship between the strain, measured in an arbitrary direction, specified by angle α, and components of strain in xy local system is given by eq. 1.
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Shear strain (τxy) can be obtained based on the system of equations related to direcions specified by angles 120° and 240°: 
The torque and an axial force on the nut of lead screw can be determined with the following formulas:
xy xy
where: T -torque on nut, τxy -shear stress, C1, C2 -constants, a, b -dimensions of plate cross section (a -the longer side of rectangle), η1 -coefficient depending on the size of plates,
The specimens of the nut bracket with the strain gauge rosettes are rigidly constrained. The first ends of each specimens are mounted in the slot of stiffness plate, screwed to the nut flange. Whereas the second ends of specimens are mounted in the slots of holders, placed on the front side of the carriage. During the operation of the lead screw, which is moving the carriage, loaded by the hydraulic system, the specimens in the nut bracket undergo tension and two-plane bending. In view of the above, the coefficient η1 must be estimated taking into account the complex state of load. 
Determination of the efficiency of a drive system with the lead screw
The efficiency of the drive system with the lead screw (ball screw) was determined for the load case, where the specimens of the nut bracket, and thus the screw shaft were tensioned. Assuming that the power loss in the system is proportional to the actual transmitted power and that the a constant coefficient of power loss exists, the efficiency of the drive system, for the direct path of power is given by eq. 5. The efficiency for the reverse path of power is given by eq. 6
where:
η -efficiency of lead screw under nominal load, s -coefficient of constant resistance, αi -coefficient of transmitted power.
The coefficient of transmitted power is the ratio between the actual load and the nominal load of the system as given by. eq. 7.
For the load case, in which the screw shaft is tensioned, the efficiency of the drive system with the lead screw, under nominal load, can be calculated using eq. 8.
γ -helix angle, ρ' -angle of friction, Ls -lead of the screw thread, dp -pitch diameter of screw, T -input torque on the shaft, PMW -axial load measured on the carrying frame, TMGC -torque on the nut determined from strain gauge measurements, Tb -frictional moment in a thrust bearing In order to determine the torque and the axial force for various load levels, experimental tests of typical drive system with lead screw were conducted. A ball screw with pitch diameter dp = 35 mm and thread pitch p = 5 mm was used. The axial load range from 4.38 to 20.16 kN was accepted. That corresponds to the oil pressure in the hydraulic system from 25 to 115 bar.
The efficiency of the drive system with the lead screw and the efficiency of the ball screw was determined for two values of the carriage speed: 2 and 9 mm/s.
Determination of the efficiency of the lead screw
Accepting the torque and the axial force on the nut, obtained from the strain gauge measurements, the efficiency of the ball screw can be determined using eq. 9.
where: QMGC, TMGC -axial load and torque on the nut determined from strain gauge measurements. Figure 5 presents the of efficiency of the drive system with the lead screw and the efficiency of the ball screw for the carriage speed 2 mm/s and 9 mm/s. It can be noticed that for low load level (about 10-25% of the nominal load) the efficiency of the drive system and lead screw is η < 0.5. In such a situation, in reference to eq. 6, the drive system or lead screw is self-locking.
Determination of the dynamic factors for start-up and braking
To determine dynamic factors for start-up and braking of the drive system with the lead, four levels of axial load: {4.38, 10.52, 15.78, 20.16} kN were accepted. That corresponds to the pressure in the hydraulic system: {25, 60, 90, 115} bar. The experimental tests were carried out for three value of the carriage speed {2, 4.5, 9} mm/s. Dynamic factors were determined using the eq. 10.
where: Qmax, Qave -maximum and average values of the axial load measured on the thrust bearing supporting plate. Figure 6 presents the dynamic factors for start-up, whereas Fig. 7 for braking of the drive system with the ball screw. It can be noticed, that dynamic factors decreases with increasing the axial load. For the high load level, close to the nominal load of the system, both for the start-up and braking, dynamic factors have constant value, approximately Kd = 1.17. 
Conclusion
The analysis of the static and dynamic loads of the drive system with the lead screw is of a fundamental importance to determine the load capacity and durability of lead screws. The designed and constructed test stand allows testing the efficiency of the drive system with the lead screw and the efficiency of lead screws (ball screws or roller screws) in any variant of design. It is also possible to investigate the dynamic effects and determine dynamic factors for start-up and braking of the drive system.
The efficiency of the drive system with the lead screw and the efficiency of the ball screw were determined based on the experimental tests. It was found that for low load level the efficiency is lower than 0.5. Therefore, at the reverse power flow the system is self-locking. This means that the external load is not able to force the linear motion of the nut. It can be important notification, since actually the producers of lead screws do not provide that operating parameter, which is the minimum load at which the specific lead screw is self-locking.
